Voltage source converters (VSCs) can reduce damping of grid-connected VSC systems at harmonic resonances, leading to system instability. The conductance of the VSC admittance can be shaped selecting appropriate VSC parameter values in order to increase VSC damping at poorly damped harmonic resonances and ensure system stability. This paper extends existing findings and makes contributions in this direction. Analytical expressions of the positive-and negativesequence VSC conductance are presented to study exhaustively the impact of VSC parameters on harmonic oscillatory instabilities. Two applications, i.e., a traction system and an offshore wind power plant, are used to show the contribution of this paper. The analytical study is validated from PSCAD/EMTDC time-domain simulations.
Introduction
Voltage source converters (VSCs) are employed in a number of electric system applications such as high-voltage dc transmission, renewable energy conversion, energy storage, flexible ac transmission and ac traction. They are commonly referred to as grid-connected VSCs [1] , [2] . VSCs improve power system controllability but may also cause oscillatory instabilities when interacting with resonances. These instabilities can be classified into two categories depending on their frequency range: nearsynchronous oscillatory instabilities (from 10 to 100 Hz) due to inner and outer controls, and harmonic oscillatory instabilities (from 0.1 to 2 kHz) due to VSC time delay and current control (CC) dynamics [3] , [4] . Harmonic oscillatory instabilities are found in several VSC applications such as HVDC grids [3] , [5] , wind power plants (WPPs) [6] and ac traction systems [7]  [13] . In traditional power systems, damping of resistive loads is sufficient to prevent these instabilities but they may arise in systems with large penetration of grid-connected VSCs and few resistive and rotating mass loads [3] , [7] .
Frequency domain methods are used to study stability with fewer calculations and data than state space eigenvalue analysis [14] . The passivity-based method ensures closed-loop system stability if the real part of each subsystem is non-negative for all frequencies [4] , [15] - [18] . Other frequency domain methods consider the contribution of each subsystem to system stability. One of them is the impedance-based stability approach, which determines the phase margin of the grid-connected VSC system from the phase of the grid and VSC impedances at frequencies where their magnitudes are equal [1] , [19] . An alternative method is the positive-net-damping (PND) stability criterion, which determines the damping of the grid-connected VSC at system resonance frequencies [5] , [14] , [20] . The PND stability criterion is more practical for system stability assessment than the impedance-based stability criterion because damping is related to system resistances and is analytically determined more easily than the phase margin [14] . As an example, the numerical study in [21] on the impact of closed-loop CC bandwidth, grid voltage low-pass filter bandwidth and grid short-circuit ratio on nearsynchronous resonance instabilities may be performed analytically from VSC damping.
Grid-connected VSC stability is commonly assessed from VSC circuit and control design assuming that the grid impedance is fixed [6] . In general, instabilities are mainly caused by poorly damped resonances related to poorly damped poles of the system. In the literature, different active damping methods are shown to improve them. They propose control loop modifications based on the passivity-based method [4] , [15] - [17] and the impedance-based stability criterion [22] - [24] . These changes are intended to reshape the VSC impedance (or admittance) to increase VSC damping, i.e., obtaining a nonnegative value of its resistance (or conductance) in order to damp resonances. However, these approaches may have undesired effects on control performance, such as interactions with other converter control loops or other VSCs connected to the same grid, and an influence on grid resonances [3] , [22] , [23] . A few studies also analyze the impact of control parameters on the VSC impedance (or admittance) to increase VSC damping with a suitable selection of their values [4] , [15] , [17] , [21] . In [4] , [15] and [17] , the VSC admittance is determined and VSC damping at harmonic resonance frequencies depends on VSC time delay, closed-loop CC bandwidth and grid voltage low-pass filter bandwidth. Nevertheless, only the impact of VSC time delay on VSC damping is analyzed because it is considered that the VSC works in normal operation mode with small bandwidth values of the grid voltage low-pass filter. Under this assumption, the influence of closed-loop CC bandwidth and grid voltage low-pass filter bandwidth can be simplified. In [21] , the influence of closed-loop CC bandwidth, grid voltage low-pass filter bandwidth and grid strength on near-synchronous resonance instabilities is numerically investigated. VSC time delay is approximated at the near-synchronous frequency range as a first-order transfer function.
The main goal of this paper is to provide a complete and comprehensive overview of the influence of VSC parameters on VSC damping at harmonic resonance frequencies. Expressions of the positive-and negativesequence VSC conductance are presented, and VSC damping at harmonic resonance frequencies is analytically and numerically investigated. According to this study, previous findings in the literature are analytically clarified and the following contributions related to VSC damping are derived from the study:
-Existing studies are extended to all involved VSC control parameters considering normal and transient operation mode (i.e., considering any value of the grid voltage low-pass filter bandwidth). -Practical analytical relations between VSC control parameters and boundary frequencies of the VSC negative-damping region are proposed to determine whether the harmonic resonance frequencies are in this region, compromising system stability. -Simple but reliable analytical expressions for determining the limits of VSC parameters to ensure system stability are proposed. These expressions allow the distance between the design values of these parameters and the stability limits to be assessed. -Recommendations to determine the influence of VSC control parameters on the boundary frequencies of the VSC negative-damping region and grid-connected VSC stability are made.
A traction system and an offshore WPP are studied to illustrate the paper contributions. PSCAD/EMTDC simulations are used to validate the application results.
Grid-Connected VSC Stability
Harmonic resonances between 100 Hz and 2 kHz may cause system instabilities as a result of the negativeconductance response of grid-connected VSCs [3] , [4] , [24] . These harmonic oscillatory instabilities are assessed in the frequency domain by means of the impedance-based characterization of grid-connected VSCs [1] , [14] - [19] . This representation allows the causes of the negativeconductance response of VSCs and interactions with harmonic resonances to be looked into. Simple networks with one VSC are commonly analyzed to obtain useful conclusions about the influence of VSC parameters on poorly damped resonances compromising system stability [4] , [15] , [19] , [22] . These conclusions can be further used to understand interactions in large systems with several VSCs.
Impedance-based representation of gridconnected VSCs
A grid-connected VSC system is illustrated in Fig.1(a) . The VSC is represented by its block and circuit diagram, and the grid is characterized by the Thevenin circuit with v g and Z g (s). VSC control is represented as a PIbased CC in dq-frame, where complex space voltages and currents are denoted in boldface as v = v d + j·v q and i = i d + j·i q [15] . These vectors are obtained from the dqtransformation of the single- [9] or three-phase- [2] grid components v and i. The outer control loop dynamics is neglected because these loops are slower than the inner CC loop and their low bandwidths do not affect the harmonic oscillatory instabilities. This dynamics may affect VSC nonpassivity at near-synchronous frequencies [4] , [15] , [18] , [21] but are beyond the scope of the study. The VSC can be characterized as a Norton source (5) and the impedance-based equivalent circuit of the gridconnected VSC system in Fig. 1 (a) is represented as in Fig. 1(b ). This VSC model is not valid for frequencies above the Nyquist frequency because the delay model does not consider the effect of the sampling process [18] . In order to represent the VSC and grid in the same frame, the VSC model (5) is modified from dq-to -frame by means of the rotation s  s  j 1 whereas the grid model in abc-frame is not modified because it is the same as in -frame [4] , [16] .
Grid-connected VSC model:
The circuit in Fig. 1(b) is characterized as a closed-loop system [1] , [15] , [16] by considering the current sources and the grid voltage: (7) which is rewritten as 
VSC parameter values:
The range of parameters related to VSC conductance response at harmonic resonances must be determined to determine their influence on stability. According to the VSC admittance in (6), VSC time delay and CC dynamics (i.e., closed-loop CC bandwidth and grid voltage low-pass filter bandwidth) are identified as main parameters with an effect on VSC conductance response at the harmonic frequency range [4] , [15] , [17] , [23] . Time delay may cause VSC non-passivity approximately below the converter switching frequency [4] , [15] - [17] . Time delay in VSCs with PWM depends on the sampling technique [4] , [6] . In the double-update (d-u) PWM technique, the sampling frequency f s is twice the VSC switching frequency f sw (i.e., f s = 2f sw ) and time delay is 1.5 times the sampling period T s = 1/f s (i.e., T d = 1.5·T s ). This is due to the CC computation time, which may reach a maximum value of T s , and the average PWM time delay, which is at least 0.5T s . In the single-update (s-u) PWM technique, sampling frequency is set equal to VSC switching frequency (i.e., f s = f sw ) and time delay is equal to the sampling period (i.e., T d = T s ). This is due to the CC computation time, which may reach a maximum value of 0.5T s , and the average PWM time delay, which is at least 0.5T s . Therefore, time delay can be expressed as a factor q d of the VSC switching period T sw = 1/f sw [15] :
The minimum values of T d in (9) for the double-and single-update PWM techniques can be obtained by reducing CC computation time to zero [4] , i.e., by reducing the factor q d . Although T d also depends on the VSC switching frequency f sw , it is not a feasible parameter for reducing T d because the design of the VSC output filter L f and the calculation of PI control gains are based on it. Moreover, a change in f sw affects VSC switching losses.
The CC dynamics may also influence VSC nonpassivity [4] , [21] . Based on [15] , the design of the PI control (3) results in ,
where  c is the closed-loop CC bandwidth. According to [4] , [15] , its recommended value is
The bandwidth  f in (3) is also related to VSC nonpassivity [21] . A small  f should be used to obtain a tight VSC non-passivity region caused by outer control loops at near-synchronous frequencies [4] , [21] . A large  f is needed to enhance dynamics during fast transients [2] , [15] , [16] , [21] . Thus, according to [16] , the filter design results in 0.1 in normal operation mode in transient operation mode,
where the VSC mode is modified according to measurements of grid variables (e.g., in case of fault). VSC dynamics during fast transients can also be improved by different PWM methods [25] .
Analysis of grid-connected VSC stability:
The circuit in Fig. 1 (b) allows stability to be analyzed from the poles of F(s) (8) . The Nyquist and Bode diagrams are also common tools to determine stability in the frequency domain [1] , [19]  [22] . However, both diagrams study the loop transfer function L(j)  <  < , but the influence of the grid and VSC on system stability cannot be analyzed separately. The impedance-based and PND stability criteria assess the contribution of each subsystem to the positive-(s = j,  > 0) and negative-(s = j,  > 0) sequence components. The impedance-based stability criterion determines the phase margin as the phase difference ( m = arg{Y vsc (j)}  arg{Y g (j)},  > 0) between the VSC and grid admittances at frequencies where their magnitudes are equal. This frequency approximately matches the frequency of the harmonic resonance between the VSC and grid admittances [1] , [19]  [22] . The PND stability criterion determines system damping (i.e., G() = Re{Y g (j ) + Y vsc (j )},  > 0) at harmonic resonance frequencies [14] . This criterion is a reformulation of the impedance-based stability criterion, where net damping at harmonic resonances is evaluated instead of phase margin for stability assessment (see Appendix). This enables analytical expressions to further investigate the impact of VSC parameters on stability to be obtained.
VSC Negative-Damping Region
The VSC negative-damping region defines stability conditions. The frequency range where the real part (conductance) of the VSC admittance is negative is used to characterize this region. Although stability may not be ensured if the VSC negative-damping region is shifted above the Nyquist frequency (i.e., just above the switching frequency f sw , considering the double-update PWM technique) [18] , it is accepted that a VSC positive-damping region from 250 Hz to the Nyquist frequency is sufficient to ensure stability in most practical situations [10] . Moreover, since the previous condition is difficult to satisfy [18] , stability is practically achieved by ensuring that the harmonic resonance frequencies are not in the negativedamping region.
Study of the VSC negative-damping region
VSC admittances are expressed in the frequency domain for the positive-and negative-sequence dq-frame space vectors by setting s = j and s = j,  > 0 in (6) [1], [2] , [22] , [23] :
where F PI (j), H(j) and D(j) are written from (3) and (4) as
The conductance G vsc () = Re{Y vsc (j)} can be numerically derived from (13) to study the influence of VSC parameters on system stability. However, (13) can be simplified if the filter resistance R f and the integral gain k i (10) are neglected due to their small value:
Then, an expression of G vsc ( ), which allows further analysis of system stability, is determined from (15) after several mathematical manipulations: 22 11
where the functions D r () and D i () (14) are denoted as D r and D i for simplicity. Fig. 2 compares the simplified expression of G vsc ( ) in (16) against PSCAD numerical results for  f = 0.1 c (normal mode) and  f = 10 c (transient mode) (12) . PSCAD numerical results are obtained by injecting a superimposed perturbation into the VSC without any simplification and measuring the response of the VSC impedance at multiple frequency values. It can be noted that (16) provides an accurate approximation at harmonic resonance frequencies (i.e., above 100 Hz). The difference between the simplified expression in (16) and the PSCAD numerical results is mainly because of the PI control integral term k i /s being neglected. As can be seen in Fig. 2 , the VSC admittance has a negative damping region for frequencies higher than the boundary frequencies f b+ and f b corresponding to the positive-and negative-sequence, respectively. The damping region is not affected by the VSC outer control loops, whose dynamics is in the subsynchronous frequencies [4] , [15] , [21] . The frequencies f b+ and f b can be derived from
where G N vsc ( ) in (16) is denoted as G N vsc ( ). This is a nonlinear system that can be numerically solved by the Newton method and considering the approximate expressions of f b in Section 3.2 as initial values.
It can be observed from the numerator in (16) that f b depends on four VSC parameters [4] , [15] , [14] :
-The grid voltage low-pass filter bandwidth  f .
-The VSC switching frequency f sw and the factor q d . The influence of f sw and q d is included in the time delay T d = q d ·T sw (9) , which is part of the expressions of D r and D i (14) . -The difference between negative-and positive-sequence frequencies is larger in normal operation mode (12) and
for high values of f sw .
-Large values of  f shift the VSC non-negative damping region close to the VSC switching frequency (see Fig. 3 ). -Frequencies f b+ and f b have approximately a direct proportionality to the VSC switching frequency (see Fig. 4 (a)) and an inverse proportionality to the factor q d , i.e., to the time delay T d (9) , (see Fig. 4(b) ).
-The influence of the CC bandwidth  c on f b+ and f b is smaller than that the other VSC parameters (see Fig. 5 ).
Approximations of the boundary frequencies
Approximate expressions of f b+ and f b are presented to better understand the influence of VSC parameters on the VSC negative-damping region. They are obtained from the numerator in (16) In normal mode, the numerator in (16) is simplified for small values of  f as 22 1 () ,
and the following analytical expressions of f b+ and f b are derived:
For typical values of  c (see Section 2.1.2), tan 1 ( c / 1 )  /2, and (18) is simplified by obtaining the following analytical expressions of f b+ and f b in normal mode:
The above expression is commonly used in the literature to characterize the boundary frequency of the VSC negative damping region [4] , [15] , [17] . 
More accurate expressions of f b+ and f b are obtained if the terms D r and D i in (21) are approximated around
Comparing (22) and (23), it is observed that (22) is accurate only for small values of T d  c , which leads to 7.92·T d  c <<  2 in (23). Fig. 6 illustrates the errors between the different approximations of the frequency f b+ and those obtained from (17) . Approximations (19) and (23) are accurate for determining f b+ in normal and transient operation mode with errors below 5%. Approximations (20) and (22) provide an initial estimation of f b+ but with high errors. The approximation in (22) could be used instead of (23) when the time delay is small, i.e., with high values of the VSC switching frequency and small values of the factor q d , as shown in Fig. 6(b) . These conclusions were numerically verified by comparing the different errors in the parameter range in Subsection 2.1.2, and can also be extended to the frequency f b .
Comments and recommendations on boundary frequencies and VSC parameter values
The approximate expressions in the previous Subsection clearly define the VSC negative-damping region and are used to analyze harmonic oscillatory instabilities. The system is stable if resonance frequencies f r are lower than the boundary frequencies f b+ and f b since the VSC resistance is positive. Recommendations to determine the stability limits of VSC parameters can be derived from these approximate expressions. Moreover, these expressions validate the conclusions in Subsection 3.1 about the influence that VSC parameters on the VSC negativedamping region.
Boundary frequencies in normal operation mode (20) are approximately twice as high as in transient operation mode (22) (see Fig. 3 ). Therefore, according to (9) Frequencies f b in (19) and (22) are inversely proportional to time delay, i.e., they are proportional to the VSC switching frequency f sw and inversely proportional to the factor q d (see Fig. 4 ). According to this, the f sw and q d limits can be calculated to ensure that the boundary frequencies are above the harmonic resonance frequencies, preventing stability problems. In particular, (19) and (22) L f = 0.07 mH fb+, n1 (19) fb+ (17) fb+, n2 (20) fb+, t1 (23) fb+, t2 (22) (b) can be used to determine recommended values, f sw_rec and q d_rec , with a simple cross-multiplication:
It is observed that the VSC positive-damping region may be extended above the VSC switching frequency if q d is reduced by reducing the CC computation time, as shown in Fig. 4(b) . The VSC switching frequency f sw is not a suitable parameter for reducing T d because it affects CC design and VSC switching losses.
The influence of the CC bandwidth  c on the boundary frequencies is small (see Fig. 5 ) because it depends on the factor tan 1 ( c / 1 ) in normal operation mode and the factor 7.92·T d  c in transient mode, which do not have an important contribution in (19) and (23), respectively.
Nevertheless, the CC bandwidth  c may also affect the depth of the negative conductance (i.e., the minimum value of the negative conductance), worsening system stability. To analyze this , the VSC conductance in (16) can be approximated at harmonic resonance frequencies, | | >>  1 ,
where it is observed that the CC bandwidth  c affects the conductance G vsc () in normal operation mode ( f < 0.1· c ) but not in transient operation mode, with  f greater than 50· c . In normal mode, high values of  c lead to high negative values of D r · c for f > f b, increasing the depth of the negative conductance significantly, and therefore the risk of destabilization. The above conclusions are illustrated in Fig. 7 , where the minimum values of G vsc () obtained from (16) in normal and transient operation mode and for different CC bandwidths are illustrated.
Applications
In order to show the paper's contribution, two applications, i.e., a traction system and an offshore WPP are presented.
Traction system
The 1x25 kV 50 Hz ac traction system in Fig. 8(a) is studied. Instability problems may appear as a result of the interaction between the VSC train and the traction system [7] , [8] . To analyze these problems, the train fed by a VSC is modeled as its Norton equivalent circuit (5) and the traction system is characterized with the circuit in Fig. 8(b) . The contact feeder section is represented by a distributed model dependent on train position with two concentrated parameter π-circuits at the left and right sides of the traction load [11]  [13] . Although distributed parameter π-circuits should be used to better assess traction system stability, the simple model used in the study is also considered in the literature [11]  [13] and allows the contribution of the paper to be easily discussed without losing generality. It must also be noted that the operating point of the VSC train is not used in the study because it does not affect the CC loop since the expressions characterizing this loop are linear, and must therefore not be linearized [2] , [15] .
The VSC admittance Y vsc (s) and the traction system equivalent admittance Y g (s) must be calculated. The VSC admittance is determined from (6) and the traction system equivalent admittance is obtained as follows: 
where d is the distance between train location and the railroad substation. The frequency response of the equivalent impedance magnitude |Z t (j)| = |Y g (j) + Y vsc (j)| 1  > 0 (7) with Y vsc (j) in (15) recommendations are analyzed when the train is located at the beginning of the section (d = 0.001 km in (27)). The influence of train location on stability is subsequently determined. Fig. 9 and Fig. 10 Fig. 9 (a) and Fig. 10(a) . It is numerically verified from the simulations in Fig. 9 (a) that the frequencies of the unstable oscillations are mainly located around 1550 Hz. The unstable example is anticipated by the PND criterion in Fig. 9(b) because the parallel resonance at f r1 is in the negative-damping region of G() and the parallel resonance at f r2 is in the negative-damping region of G(). The Nyquist plot for the positive-and negative-sequences of the loop transfer function L(j)  <  <  (8) in Fig. 9(c) confirms the results on instability. The Nyquist curve of the positive-sequence (black line) intersects the unit circle at 980 Hz and 1540 Hz, enclosing the 1 point in clockwise direction. The Nyquist curve of the negative-sequence (grey line) intersects the unit circle at 1545 Hz, enclosing the 1 point in clockwise direction. Note that the negativesequence curve also intersects the unit circle at 985 Hz but does not encircle the 1 point, which corresponds to positive damping of G() at this frequency in Fig. 9(b) . The stable example is anticipated by the PND criterion because the parallel resonances at f r1 (virtually damped) and f r2 are in the positive-damping region of G() in Fig. 10(b) . The Nyquist plot of L(j) is in agreement with the results as the positive-and negative-sequence curves do not enclose the 1 point in Fig. 10(c) . The results of these examples can be justified from the analysis in Section 3.
The damping region is modified with the values of  f , f sw and q d to ensure system stability. The impact of these parameters on traction system stability is presented in Fig. 11 , where  f is modified from 0.1 c to 25 c , f sw from 3 to 8 kHz, q d from 0.25 to 0.75 pu and d = 0.001 km in (27). Fig. 11 (left) plots the resonance frequencies f r1 and f r2 and the boundary frequencies f b+ and f b . The system is stable when the VSC parameter values shift f b+ and f b above the resonance frequencies f r1 and f r2 (grey area) because this ensures positive damping at the resonance frequencies. Fig. 11 (middle) shows the root locus of the poles associated with instability. The root locus of the poles illustrates that their imaginary part approximately matches the frequency of parallel resonances and their real part is related to system damping. The system is stable when all the poles are on the negative side of the real axis. If the boundary frequencies f b+ and f b shift to frequencies above the parallel resonances, the poles related to instability move to the negative side of the real axis. Fig. 11 (right) shows PSCAD/EMTDC timedomain simulations where contrast waveforms are provided for three values of the VSC parameters. Note that the traction system becomes stable or unstable according to VSC parameter values, a response predicted in the left and middle plots of Fig. 11 , where simulation points are labeled.
It can also be observed in Fig. 11 that for  f = 25 c (example in Fig. 10 ) the resonance frequencies are in the stable region (grey area) and the real part of the poles is negative while this is not true for  f = 0.1 c (example in Fig. 9 ). The VSC parameter values ensuring system stability (see Fig. 11 ) are easily calculated by imposing that the boundary frequencies in (17) are higher than the resonance frequencies. The recommendations in Subsection 3.3 are also used to approximately determine these parameter values: -Stability is ensured by increasing  f because the positive-damping region is extended from f sw /3  1 kHz to f sw /1.5  2 kHz which is higher than the resonance frequency f r2 . -According to (24) , stability is ensured by decreasing q d from 0.75 pu to 0.75·875/1540 = 0.43 pu and by increasing f sw from 3 kHz to 3·1540/875 = 5.28 kHz. However, as pointed out in Section 3.3, the VSC switching frequency f sw is not a suitable parameter for improving stability because it may affect other VSC variables and increase VSC losses.
In the previous studies, changes in traction system impedance and traction system stability due to train movement are not considered because the study is only focused on the analysis of the paper's contribution on the influence of VSC parameters on traction system stability. The impact of train location is analyzed below. It is numerically verified that the resonance frequencies of the traction system remain approximately unchanged but the impedance increases for greater distances between train location and the railroad substation. The influence of train location on stability is shown in Fig. 12 , where the stability in the example in Fig. 10 is analyzed for all train locations from the beginning to the end of the section. PSCAD/EMTDC time-domain simulations in Fig. 12(a show that the traction system remains stable for any train location. Note that these simulations are made by assuming the contact feeder section to be covered by the train in 5 seconds. Obviously, this does not represent a real situation but allows the influence of train location on system stability to be analyzed from simulations without losing generality. Stability for d = 0.25 and 0.75 is predicted by the PND criterion in Fig. 12(b) because the parallel resonance at f r2 is in the positive-damping region of G(-), i.e., f r2 = 1578 Hz < f b-= 1620 Hz for d = 0.25 and f r2 = 1626 Hz < f b-= 1630 Hz for d = 0.75. Note that only the most critical conductance, i.e., G(-), is plotted in Fig. 12(b) for the sake of clarity. The Nyquist plot of L(j) in Fig. 12(c) verifies the results as the positive-and negative-sequence curves do not enclose the 1 point for any train locations. The same result is true for the other train locations. It is concluded in the example that train location does not affect system stability significantly. Fig. 12 (b) also validates that the resonance frequency of the traction system remains approximately unchanged for d = 0.25 and 0.75 whereas the impedance increases.
Offshore wind power plant
The offshore WPP with 25 type-4 WTs in Fig. 13(a) is studied. The WTs, the collector system and the export system are at 0.69 kV, 33 kV and 150 kV, respectively. Filters are connected to Type-4 WT terminals to reduce frequency switching harmonics. Instability problems may appear as a result of the interaction between the converter control and the WPP. To analyze these problems, the WT VSCs are modeled as a Norton equivalent circuit (5) and the WPP is modeled with the circuit in Fig. 13(b) . The submarine cables are represented as single concentrated parameter -circuits because they are short enough to be well characterized for low frequencies. Moreover, the MV submarine cable model is approximated as the cable transversal capacitors because the longitudinal impedance is not significant compared with the transformer inductance. The LV submarine cables are not considered because their capacitors are very small and their impedance is included in the impedance of the transformer. The VSC filter capacitance of the WTs is considered in the study. WPP stability is studied from WT 51 (see Fig. 13(b) ). The WT VSC equivalent admittance Y vsc (s) and the WPP equivalent admittance Y g (s) from the WT 51 terminals must be determined. The VSC admittance is determined from (6) and the WPP equivalent admittance is calculated as follows: 
System stability is assessed by the same stability criteria as in the traction system application. Fig. 14 and Fig. 15 illustrate an unstable and a stable example depending on the grid voltage low-pass filter Fig. 14(a) and Fig. 15(a) , where the WT 51 is connected at instant 1s. It is numerically verified from the simulations in Fig. 14(a) that the frequencies of the unstable oscillations are mainly located around 1350 Hz. Instability in Fig. 14(a) is predicted by the PND criterion in Fig. 14(b Fig. 15(a) is predicted by the PND criterion in Fig. 15(b) because the parallel resonance at f r+ and f r is in the positive-damping region of G(). The Nyquist plot of L(j) in Fig. 15(c) confirms the results because neither the positive-nor the negativesequence Nyquist curves encloses the 1 point. It is worth noting that there is another parallel resonance in Fig. 14(b) and Fig. 15(b) but is not considered in the analysis because it is always in the positive-damping region of G().
The damping region is modified with the values of  f , f sw and q d to ensure system stability. The impact of  f and q d on WPP stability is studied in Fig. 16 , where  f is modified from 0.1 c to 25 c and q d from 0.25 to 0.75 pu.
According to the comments about the switching frequency f sw in the previous Sections, the influence of this parameter on stability is not determined. Fig. 16 (left) shows the plot of the resonance frequencies f r+ and f r and the boundary frequencies f b+ and f b . The system is stable in the grey area because this ensures positive damping at the resonance frequencies. Fig. 16 poles associated with instability. The root locus of the poles illustrates that their imaginary part approximately matches the frequency of parallel resonances and their real part is related to system damping. Note that, if the boundary frequencies f b+ and f b shift to frequencies above the parallel resonances, the poles related to stability move to the negative side of the real axis. Fig. 16 (right) shows PSCAD/EMTDC time-domain simulations where waveforms for three values of the VSC parameters are provided. It can be observed that the WPP becomes stable or unstable according to the values of the VSC parameters in the left and middle plots of Fig. 16 . It can also be observed that for  f = 13.5 c (example in Fig. 15 ) the resonance frequencies are in the stable region (grey area) and the real part of the poles is negative while this is not true for  f = 0.1 c (example in Fig. 14) .
The influence of the closed-loop CC bandwidth  c is illustrated in Fig. 17 , where  c = 1/ c is modified from 1 ms to 0.5 ms at instant 1s. The other VSC control parameters are the same as in the stable example in Fig. 15 (i.e.,  f = 13.5 c , T d = 0.75·T sw and f sw = 3 kHz). PSCAD/EMTDC time-domain simulations in Fig. 17(a) show that WPP becomes unstable and this is predicted by the PND criterion and the Nyquist plot of L(j). It is numerically verified that the frequencies of the unstable oscillations approximately match the resonance frequencies.
This example illustrates that the CC bandwidth  c affects stability in normal operation mode and transient operation mode with ( f < 50· c ) because high values of  c lead to high values of the VSC negative-damping region (see Fig. 7 ), increasing the risk of destabilization. This is not true in transient operation mode for  f greater than 50· c .
Conclusions
This paper analyzes the influence of control parameters on the VSC damping region at harmonic resonance frequencies. Analytical expressions, validated with PSCAD simulations, are used to characterize the VSC negative damping region in normal and transient modes for the positive-and negative-sequence components. The study relates the boundary frequencies of the negative-damping region of the VSC admittance to the VSC parameters by simple but reliable analytical expressions. The study extends and clarifies the following existing findings about the VSC damping region: -The main parameters to achieve VSC passivity are the bandwidth α f and T d (i.e., the switching frequency and the factor q d ) [4] , [18] , [22] . -The boundary frequencies of the negative-damping region in normal operation mode may double in transient operation mode [4] .
As a contribution, recommendations are made to study harmonic oscillatory stability of grid-connected VSC systems:
-Boundary frequencies are proportional to VSC switching frequency and inversely proportional to time delay. Therefore, switching frequency and time delay could be accordingly used to increase the positive-damping region although the former is not recommended due to its influence on VSC design. -If total time delay is reduced to PWM time delay (i.e., T d = 0.5T s ), a positive conductance region may be obtained up to the Nyquist frequency f s /2.
-Although the CC bandwidth  c has a minor influence on f b+ and f b , it affects the depth of the negative conductance when  f < 50 c . The larger the  c , the more negative the conductance (i.e., the higher the risk of destabilization). This is not true in VSC transient operation mode with  f > 50 c , where the influence of the CC bandwidth  c on the depth of the negative conductance is not significant.
All these recommendations, as well as the proposed analytical expressions, allow the limits of VSC parameters to be obtained to ensure system stability. These limits can be compared with the design values of VSC parameters in order to evaluate the risk of system destabilization. Further changes in the values of these parameters could be proposed on the basis of the recommendations made in the paper.
